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The Pierre Auger Observatory - Status and Prospects - 

Karl-Hcinz Kampert^ * for the Pierre Auger CoUaborationt 
Bergische Universitat Wuppertal, Fachbereich C - Physik, 42097 Wuppertal, Germany 

The southern Pierre Auger Observatory is presently under construction in Malargiie, Mendoza, Argentina. It 
combines two complementary air shower observation techniques; the detection of particles at ground and the 
observation of associated fluorescence light generated in the atmosphere above the ground. Experimentally, this 
is being realised by employing an array of 1600 water Cherenkov detectors, distributed over an area of 3000 km^, 
and operating 24 wide-angle Schmidt telescopes, positioned at four sites at the border of the ground array. The 
Observatory will reach its full size in 2006. However, with the 540 tanks and 12 telescopes presently in operation, 
the Pierre Auger Observatory has become the largest world-wide cosmic ray experiment already now. This paper 
sketches the experimental set-up and discusses the current status. In parallel to the ongoing completion of the 
experiment, a large number of events have been detected with energies above lO" eV. The data are used to verify 
both the performance of the individual detector components as well as to test the quality of the hybrid event 
reconstruction. All results obtained so far are very promising and they underline the great advantages of the 
chosen hybrid approach. 
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1. Introduction 

Over the past decade, interest in the nature 
and origin of extremely high energy cosmic rays 
(EHECR) has grown enormously. Of particular 
interest are cosmic rays with energies > 10^*^ eV. 
There is a twofold motivation for studying this en- 
ergy regime, one coming from particle physics be- 
cause cosmic rays give access to elementary inter- 
actions at energies much higher than man-made 
accelerators can reach, and another coming from 
astrophysics, because we do not know what kind 
of particles they are and where and how they ac- 
quire such enormous energies. An excellent re- 
view, published by Michael Hillas 20 years ago 
P], presented the basic requirements for particle 
acceleration to energies > 10^^ eV by astrophysi- 
cal objects. The requirements are not easily met, 
which has stimulated the production of a large 
number of creative papers. 

The problem is aggravated even more by the 
fact that at these energies protons and nuclei 
should interact with the Cosmic Microwave Back- 
ground (CMB). Above a threshold energy of 
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Eqzk — 5 X 10^^ eV protons lose their energy 
over relatively short cosmological distances via 
photo-pion production p + 7cmb ^ tt*^ + p or 
TT"*" -|- n. Iron nuclei get degraded at similar en- 
ergies through photodissociation in the giant nu- 
clear resonance regime, Fe-f 7cmb ^ X + n. Pho- 
tons interact even more rapidly in the CMB by 
producing e"'"e~-pairs. Thus, particles that have 
traveled over distances of 50 or 100 Mpc are un- 
likely to retain an energy of ^ 10^° eV or more 
when they reach us. This was already recognised 
in the 1960's shortly after the discovery of the 
CMB and is called the Greisen-Zatsepin-Kuzmin 
(GZK) cutoff 'SI (see also opening remarks of 
Prof. Zatsepin at this conference). Thus, not only 
do we not know how particles could obtain such 
extreme energies even in the most powerful as- 
trophysical accelerators, these accelerators have 
to be located nearby on cosmological scales! 

To solve this most pressing puzzle of high en- 
ergy astroparticle physics, one either needs to in- 
vent nearby exotic EHECR sources or find ways of 
evading the GZK effect. Top-Down models with 
decaying topological defects or decaying super- 
heavy relic particles are typical representatives of 
the former group. While typical representatives 
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of the latter are violation of the Lorentz invari- 
ance, propagation of heavy supersymmetric par- 
ticles, or the Z-burst model. A comprehensive 
review, with emphasis placed on top-down mod- 
els, is given by Ref. Generally, the top-down 
models predict a dominance of photons and neu- 
trinos over protons or nuclei, so that measure- 
ments of the chemical composition become im- 
portant also at the highest energies. Further- 
more, the Z-burst model cannot avoid produc- 
ing a strong background of GeV energy photons 
leading to severe constrains due to the measured 
EGRET fluxes '5. Such complications have re- 
cently given more emphasis again to astrophysical 
sources. 

While the large magnetic rigidity of ~ 10^° 
eV protons gives rise to the problems of particle 
acceleration in astrophysical sources, it opens at 
the same time a new window for astronomy with 
cosmic rays. Since such particles cannot deviate 
much in the magnetic fields of the Galaxy and 
extragalactic space, they should point to their 
sources within a few degrees deviation only. For 
example, using nominal guesses of 1 nG for the 
magnetic field strength of extragalactic space and 
1 Mpc for the coherence length, deviations for 
protons on the order of 2.5° are expected after 
travelhng 50 Mpc IF. 

Two types of experiments based on very differ- 
ent techniques have undoubtedly detected parti- 
cles well exceeding the GZK cut-off [CTTIg] . Un- 
fortunately, despite 40 years of data taking the 
number of events is still small. Also, the largest 
experiments so far disagree at an approx. la level 
on the flux and on arrival direction correlations. 
The HiRes collaboration, employing the fluores- 
cence technique, claims to detect a suppression 
of the flux above the GZK-threshold, with no 
evidence for clustering in the arrival directions 
|8I0| ■ On the other hand, ground arrays have 
detected no GZK-cutoff |6I7| . Furthermore, the 
AGASA collaboration claims to see a clustering 
of the highest energy events [7] which, however, 
is not free of dispute ITOj . Clearly, the situation is 
very puzzling, and a larger sample of high quality 
data is needed for the field to advance. 



2. The Pierre Auger Observatory 

Years before the present controversy between 
different experiments started, it was already 
clear that not only a much larger experiment 
was needed to improve the statistics of EHE- 
CRs on reasonable time scales but also that 
two or more complementary experimental ap- 
proaches had to be combined on a shower-by- 
shower basis within one experiment. Such redun- 
dancy allows cross-correlations between experi- 
mental techniques, thereby controlling the sys- 
tematic uncertainties. Furthermore, one expects 
to improve the resolution of the energy, mass, and 
direction of reconstructed primary particles. In 
the Pierre Auger Observatory, this so-called 'hy- 
brid' aspect is realised by combining a ground 
array of water Cherenkov detectors with a set of 
fluorescence telescopes. Another important ob- 
jective was to obtain a uniform exposure over the 
full sky. This will be achieved by constructing two 
instruments, each located at mid-latitudes in the 
southern and northern hemispheres. Each site is 
conceived to cover an area of 3000 km^ in order 
to collect about 1 event per week and site above 
1020 eV. 

The Auger collaboration has started construc- 
tion of the southern site in Malargiie, located at 
an elevation of 1400 m in the Province of Men- 
doza, Argentina. After successful operation of 
a prototype experiment (engineering array) 
the southern observatory is now in full construc- 
tion, to be completed in 2006. The northern ob- 
servatory is planned to be sited in the U.S., either 
in Utah or Colorado. 

2.1. Surface Detector 

The ground array will comprise 1600 cylin- 
drical water Cherenkov tanks of 10 m^ surface 
area and 1.2 m height (see Fig.^). The tanks 
are arranged on a hexagonal grid with a spac- 
ing of 1.5 km yielding full efficiency for extensive 
air shower (EAS) detection above 5 • 10^* eV. 
The water in the tanks is produced by a water 
plant at the observatory campus and its quality 
is about 15 M17-cm. The Cherenkov light pro- 
duced by traversing muons, electrons, and con- 
verted photons is reflected inside the tank by a 
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Figure 1. Photograph of a typical water tank in 
the Pampa Amarilla. The main components are 
indicated. 



white diffusive Tyvec® hner and is detected by 
three 9" XP1805 Photonis photomultipher tubes 
(PMTs). The PMT signals from the last dynode 
and the anode are continuously sampled at 40 
MHz by six 10-bit FADCs, yielding a dynamic 
signal range in total of 15 bits. The digitised 
data are stored in ring buffer memories and pro- 
cessed by a programmable logic device (FPGA) 
to implement various trigger conditions 12 13 . 
Two solar panels, combined with buffer batteries, 
provide the electric power for the local electron- 
ics, for the GPS clock, used for absolute timing, 
and for the bi-directional radio communication. 
Recorded signals are transferred to the Central 
Data Acquisition System (CDAS) only in cases 
where a shower trigger has been detected in 3 ad- 
jacent tanks simultaneously. 

The water tanks of the surface detector (SD) 
are continuously monitored and calibrated by sin- 
gle cosmic muons. By adjusting the trigger rates, 
the PMT gains are matched to within 5%. For 
convenience, the number of particles in each tank 
is defined in units of Vertical Equivalent Muons 
(VEM), which is the average charge signal pro- 
duced by a penetrating downgoing muon in the 
vertical direction. The stability of the continu- 
ously monitored tanks is very high and the trig- 
ger rates are remarkably uniform over all detector 




Figure 2. Layout of the southern site with the 
locations of the SD tanks indicated. Also shown 
are the locations of the FD-eyes with the f.o.v. 
of their telescopes. The grey region indicates 
the part of the SD currently in operation. Fur- 
thermore, all telescopes at the Los Leones and 
Coihueco site are in operation since July 2004. 



stations |13|. 

2.2. Fluorescence Detector 

Charged particles propagating through the at- 
mosphere excite nitrogen molecules causing the 
emission of (mostly) ultraviolet light. The fluo- 
rescence yield is very low, approx. 4 photons per 
metre of electron track (see e.g. [3), but can be 
measured with large area imaging telescopes dur- 
ing clear new- to half-moon nights (duty cycle of 
« 10-15%). The fluorescence detector (FD) of 
the southern site will comprise 24 telescopes ar- 
ranged into 4 'eyes' located at the perimeter of 
the SD. The eyes are situated at locations which 
are slightly elevated with respect to the ground 
array. Each eye houses 6 Schmidt telescopes with 
a 30° X 30° field of view (f.o.v.). Thus, the 6 tele- 
scopes of an eye provide a 180° view towards the 
array centre and they look upwards from 1° to 
31° above the horizon. The layout of the south- 
ern site is is depicted in Fig.[21 and shows the lo- 
cations of telescopes and water tanks already in 
operation. Figure |31 shows a photograph of a tele- 
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Figure 3. Photo of a FD telescope with its major 
elements indicated. 



scope as taken during the installation. The main 
elements of the aperture system are the 2.2 m di- 
aphragm including a corrector ring (not installed 
at each telescope, yet) and an UV transmission 
filter made of MUG-6 glass. The light is reflected 
by segmented 13 m^ spherical mirrors. Because of 
limited production capacity, two types of mirror 
elements are used in different telescopes; either 49 
hexagonal shaped glass mirrors or 36 rectangular 
shaped aluminum mirrors. The focal plane of the 
mirror is instrumented with a camera arranged 
in 20 X 22 pixels. Thus, each of the 440 PMTs 
(XP 3062 of Photonis) of a camera views approx- 
imately 1.5° X 1.5° of the sky. The PMT signals 
are continuously digitised at 10 MHz sampling 
rate with a dynamic range of 15 bit in total. An 
FPGA based multi-level trigger system records 
traces out of a random background of 100 Hz per 
pixel [T5). 

To determine the shower energies correctly, ac- 
curate measurements and monitoring of the PMT 
gains is needed. This is primarily accomplished 
by a diffuse surface which is mounted for cali- 
bration purposes outside the telescope building 
in front of the telescope aperture to uniformly 
illuminate the telescope f.o.v. with a calibrated 
light signal llfij. Furthermore, the attenuation of 
the light from the EAS to the telescope due to 
molecular (Rayleigh) and aerosol scattering has 



to be corrected for. The relevant parameters are 
determined by a Horizontal Attenuation Monitor 
(HAM) , Aerosol Phase Function monitors ( APF) 
and LIDAR systems located at each of the eyes 

3. First Results 

The southern observatory has presently (Nov. 
2004) more than 540 tanks and two complete FD 
eyes (Los Leones and Coihueco, each with 6 tele- 
scopes) fully operational and taking data. With 
about 1000 km^ covered by the ground array and 
1500 km^ observed by the FD, the Auger Obser- 
vatory has become the largest and most complete 
cosmic ray detector in the world. A large number 
of events with ever increasing rate is continuously 
being collected and analysed by many different 
groups. 

3.1. First Events in the SD 

Figure ^ shows some typical examples of EAS 
footprints as seen by the SD. The diameter of 
the circles indicates the particle densities (VEMs) 
detected in the respective tanks. The shower 
direction is determined by a plane fit to the 
shower front as determined from the particle ar- 
rival times. The energy and core position is recon- 
structed by performing a fit of a lateral distribu- 
tion function (LDF) to the number of VEMs seen 
by the different tanks. As an example. Fig. [S] 
depicts the reconstructed LDF for the EAS of 
Fig. 2fb); the richness and quality of the data 
is evident. EAS simulations have shown that the 
primary energy, in the considered range, is best 
determined from the value of the LDF at a dis- 
tance of 1000 m from the shower core. This num- 
ber, generally named S'(IOOO), is found to be the 
least affected by fluctuations caused by both the 
longitudinal shower development and by the un- 
known mass of the primary particle. 

Besides the particle densities reconstructed 
from the integrated signals in the water tanks, 
rich information is also contained in the time 
traces of the recorded signals. These allow the 
identification of narrow spikes from individual 
muons at distances beyond of a few 100 me- 
tres from the shower core so that appropriate 
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Figure 4. Example of two EAS as seen by the 
SD; the size of the circles represents the particle 
densities measured in the water tanks, the direc- 
tions and shower core positions are indicated by 
the arrows and x -symbols. 



filtering techniques enable electron-muon separa- 
tion, in turn providing information about the pri- 
mary mass. Furthermore, in very inclined EAS 
(O ^ 75°), the electromagnetic and soft muonic 
component gets almost completely absorbed dur- 
ing the propagation through the atmosphere; only 
hard muons with a very narrow time profile and 
small shower front curvature can reach the detec- 
tors. Vertical showers, on the contrary, do contain 
many electrons spread over several fis in time. 
These distinct differences in the time structures 
are easily seen in Fig. Eland they open a window 
to neutrino astronomy in the EeV region. This 
is because a horizontal EAS, showing the timing 
characteristics of a ('young') non-horizontal EAS, 
can only be initiated by a neutrino interacting 
close to the ground array. Simulations show that 
this signature allows almost background free neu- 
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Figure 5. Reconstructed lateral distribution func- 
tion of the 10^0 eV EAS of Fig.|3|;b). 




Signal trace ( s) 

Figure 6. Typical signal traces as recorded by 
the FADC system for detectors at about 800 m 
from the shower core. The narrow time profiles 
seen in (b) are characteristic for very inclined 
showers induced by hadrons. The different colors 
(grey-scales) represent the signals of the individ- 
ual PMTs within a detector. 



trino detection. This feature, combined with the 
large acceptance of the water Cherenkov tanks 
to horizontally propagating particles, provides a 
neutrino sensitivity, which allows the testing of 
various AGN and top-down models jlSj. Calcu- 
lations of the Auger acceptance to showers pro- 
duced by Earth skimming tau neutrinos have also 
been made. Again, it turns out that the results 
are very encouraging |19j . 
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Figure 7. Light track of a hybrid event as seen 
by two adjacent fluorescence cameras. The zenith 
angle is 6* = 71° and the nearest distance of the 
EAS to the telescopes is about 20.5 km. The dif- 
ferent colors (grey-scales) indicate the time pro- 
gression of the pixels in the respective cameras. 
Other traces of the same event are shown in 

Figs.ini;b),ini andcni 



3.2. First events in the FD and aspects of 
iiybrid reconstruction 

In the fluorescence detector, cosmic ray show- 
ers are seen as a sequence of triggered pixels in 
the camera. An example of an event propagat- 
ing through two adjacent telescopes is presented 
in Fig.d The first step in the analysis is the de- 
termination of the shower detector plane (SDP) 
reconstructed from the viewing direction of the 
PMT pixels (see illustration in Fig.lSJ. Next, the 
timing information of the pixels is used for recon- 
structing the shower axis within the SDP. For a 
given geometry, the arrival time of light at a 
pixel i is given by 

R 

U^to + ■ tan[(xo - X»)/2]- 

c denotes the speed of light and Rpj and xo 
are fit parameters as illustrated in Fig.|S| As an 
example, Fig.El shows the time vs. angle corre- 
lation for the event shown in Fig.|3 It is clear 
that the uncertainty of the three parameters de- 
pends on the particular geometry and on the ob- 
served track length. For short tracks there may be 
only insignificant curvature in the tangent func- 
tion of the above expression so that an ambi- 
guity remains in the family of possible {Rp , xo ) 
solutions. This translates directly into an un- 
certainty in the reconstructed shower energy be- 




Figure 8. Illustration of the geometrical shower 
reconstruction from the observables of the fluo- 
rescence telescopes. 
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Figure 9. Time vs angle correlation for the hy- 
brid event shown also in Figs.lH^b) andO the fit 
parameters are also given in the figure. 



cause i^prim. « ^fluor. oc LpD ■ Rl ■ exp(i?p/Aatt) 
with Aatt being the effective attenuation length of 
fiuorescence light. This asymmetric uncertainty 
in the energy reconstruction and the asymmetric 
angular resolution are important drawbacks of a 
fiuorescence detector used in the so called mono- 
reconstruction mode. 

One way to improve the situation is provided 
by stereo observations of EAS. With all 4 FD 
eyes in operation, the Pierre Auger Observatory 
will achieve full efficiency for stereo observation 
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at energies above ^ 2 • 10^® eV. Another very ef- 
fective way to improve shower reconstruction and 
to break the aforementioned ambiguities in the 
(i?p, Xo)-pl£^iie is accomphshed by combining the 
information of the surface array with that of the 
fluorescence telescopes. This is called the hybrid 
reconstruction and is even effective for low en- 
ergy showers. As illustrated in Fig.|Hl the timing 
information (and location constraint) from a hit 
ground array station fcND can be related to the 
time to at which the shower reaches the position 
of closest approach to the telescope: 

to = tcND — (^GND • S)/c. 

Here, i?GND denotes the direction of the hit 
ground station and S is the unit vector of the 
shower axis (see Fig.|Sll. 

Since the SD operates at a 100% duty cycle, 
most of the events observed by the FD are in fact 
hybrid events with the exception only at low ener- 
gies. Even without full reconstruction of the EAS 
by the ground array, the timing information of a 
single tank provides sufhcient information for the 
hybrid reconstruction. 

In such analyses the time synchronisation be- 
tween different detector components is very im- 
portant, particularly between the fluorescence 
telescopes and the ground array. To verify this 
and to test the reconstruction procedure outlined 
above, artificial events have been generated by 
the central laser facility (CLF). At a distance of 
about 26 km from the telescopes, laser shots have 
been directed vertically towards the sky and a 
small portion of the light has been fed into a wa- 
ter tank nearby by using a light fibre. In such 
a way, the 'shower' axis of the laser light could 
be reconstructed both in mono-mode and in the 
single-tank hybrid mode. The results are very 
convincing; in mono reconstruction the location 
of the CLF could be determined with a resolu- 
tion of 550 m and after including the timing in- 
formation of the single water tank, the resolution 
improved to 20 m with no systematic shift! 

After successful reconstruction of the event ge- 
ometry, the FADC signals of the FD-pixels are 
analysed in order to obtain the light emitted 
along the shower axis. This step of the analysis 
uses an atmospheric scattering model to trans- 
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Figure 10. Longitudinal shower profile of the hy- 
brid event shown also in Figs.lHbilZl and 1^1 The 
line represents the result of a Gaisser-Hillas fit 
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form the light received at the detector back to 
the light emitted from the shower axis. Also, 
the geometrical height as observed by the tele- 
scope pixels is converted to grammage of atmo- 
sphere, being more relevant for the shower devel- 
opment |21I22| . The amount of fluorescence light 
emitted from a volume of air is proportional to 
the energy dissipated by the shower particles in 
that volume. Therefore, the observed longitudi- 
nal light profile represents the energy loss in the 
atmosphere which in turn is highly proportional 
to the number of charged particles in a given vol- 
ume. The result for the hybrid shower, shown in 
Figs.Etb),ia andEl is presented in Fig.lTni again, 
the quality of data is evident. The line represents 
the best fit Gaisser-Hillas function [3^ yielding 
a primary energy in agreement with the S'(IOOO) 
determination. 

Several hundred good quality hybrid events 
have been collected so far and their number is 
progressively increasing because of progress in the 
installation of tanks and telescopes. Preliminary 
analyses of the hybrid data show good consistency 
between the energy estimates of the SD and FD. 

4. Summary and Outlook 

The construction of the southern Pierre Auger 
Observatory is well underway. Half of the tele- 
scopes and about a third of the surface array is 
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in operation and taking data routinely. If the 
present rate of deployment is maintained, being 
currently limited only by funding, construction 
will be finished in 2006. The detectors are per- 
forming very well and data analysis has begun. 
Besides reconstructing events from the SD and 
FD individually, and comparing their results on 
a shower- by-shower basis, emphasis is placed on 
hybrid analyses providing unprecedented quality 
in geometry, energy, and mass reconstruction. Of 
primary importance for the near future will be the 
determination of the energy spectrum to study 
the GZK effect and to search for anisotropics 
in arrival direction. The detection of very in- 
clined showers enables clear and almost back- 
ground free measurements of ultra-high energy 
neutrinos. The aperture is sufficient to verify or 
exclude a number of models discussed in the lit- 
erature. 

In parallel to the completion of the southern 
observatory and to the analysis of data towards 
first science results, R&D has started for the de- 
velopment of the northern site. 
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